The metronida/ole-resistant (Min-K) mutant suain of N. muscorum produced drug-resistant NADPH : feiredoxin (Fd) oxidoreductase and showed derepression of helerocyst formation and uptake hydrogenase activity in NH, -medium. The observation of NHj-repression in regulation of nilrogenase activity alone in the mutant strain suggests, that heterocyst formation and nilrogenase activity are regulated by two separate NH 4 * -repression control systems, one specific for heterocyst and uplake hydrogenase and the other for nilrogenase. The partial drug-resistant NADPH : Fd oxidoreductase en/.ymatic activity seems to be ihe reason for drug-resistant growth of the cyanobacterium in Nj-medium and NH, -medium.
INTRODUCTION
Metronidazok (2-meihyl-5-niiroimidazole, 1-ethanol) , is a specific inhibitor of ferredoxin-linked reactions in phototrophs [1] [2] [3] [4] . The drug has been successfully employed as screening agent for selecting out mutants defective in one or the other components of ferredoxin-dependent reductive reactions like Nj-fixation [5] . As expected, the drug has been shown to selectively inhibit photostimulated reduction of acetylene by intact filaments of Anabaena [6] and by isolated heterocysts [7] , Study of the mutants of heterocystous cyanobacteria resistant to growth inhibition by the drug with N, as nitrogen source are expected to provide interesting information about the functional linkage between ferredoxin-dependent activity and heterocysl differentiation.
We have isolated a metronidazole-resistant mutant (Mtn-R) strain of Nostoc muscorum and here we present evidences to show that mutation to drug resistance has been accompanied by production within heterocyst and vegetative cells of <J37K-HW7/K8/SO3.5O O 1988 Federation Of European Microbiological Societies partial drug-resistant NADPH : ferredoxin (Fd) oxidoreductase activity and by the loss of ammonium repression control of heterocysl formation and uptake hydrOgenuse activity.
MATERIALS AND METHODS
Nostoc muscorum was grown axenically in nitrogen-free (diuzotrophically grown) and NH 4 -supplemenled modified Chu-ll) medium |X] as in [9], Metronidazole (100 /xg • ml ') was included in the growth medium whenever required.
Metronidazole-resistanl mutant (Min-R) was isolated on combined nitrogen-free medium (N,-medium) containing metronidazole by following ihe method of [10] and the stable, resistant mutants were maintained on NHJ-slants containing the inhibitor.
Heterocysts were isolated from the exponenlially growing filaments of N. muscorum as in [11] . Such preparations had a vegetative cell conlamination of less than 5% (as observed in a light microscope) and showed a biosynthetic glutamine synlhetase activity of 150 nmol product formed mill ' • mg ' protein. Enzyme activities in vegetative cells was calculated by subtracting the activity of isolated helerocysts from that of whole filaments (containing both heterocysts and vegetative cells).
Growth was measured by increase in chlorophyll content as in [12] . Helerocyst frequency was calculated as percentage of total cells, by light-microscopic observations of the filaments of N. muscorum. Total protein was estimated by [13] as in [14] .
Assays for NADPH : Ed oxidoreductase (EC 1.18.1.2) and glutamine synthetase (EC 6.3.1.2) activities in cell-free preparations of isolated heterocysts and whole filaments were performed as described by [15] and [16] , respectively. Nitrogenase (EC 1.18.6.1) activity was measured as acetylene reduction as in [17] and uptake hydrogenase activity was measured by gas chromalography as in [18] . Ammonium (melhylammonium) transport activity was estimated as in [19] .
Total glucose (glyeogen-glucose plus free glucose) and glyeogen-glucose were estimated as in [20] . The value of free glucose was calculated by subtracting glyeogen-glucose from total glucose. The ratio of phyeoeyanin to chiorophyll-a was calculated from the absorption spectrum of methanol-soluble and water-soluble pholosynthelic pigments as in [21] .
RESULTS AND DISCUSSION
Both the parental strain and its drug-resistant ( Min-H) mutant strain were compared for growth, nilrogenase activity, heterocyst frequency, uptake hydrogenase activity, glutamine synthetase activity and NADPH : Ed oxidoreductase activity in drug-free and drug-containing Nj-fixing and NH 4 -assimilating cultures ( Table 1 ). The drugcontaining parental cultures did not grow in N 2 -fixing or NH 4 -assimilating conditions thus suggesting that growth inhibitory action of the drug is not nitrogen source-specific. A cellular factor common to N^, assimilation and NH 4 ' -assimilation, therefore, should most likely be the reason for the observed inhibitory effect of the drug on growth. It is known that reduced ferredoxin is the natural physiological reductanl in Ni-reduction by nitrogenase in heterocystous cyanobactena [22] [23] [24] , The same physiological reductant is ulso required in the assimilation of ammonia by the GS-GOGAT pathway in these cyanobactena [25] . Since metronidazole is a known specific inhibitor of ferredoxin-linked reactions, the drug-resistant diazotrophic growth or NH 4 -supported growth is likely to result from mulational modification of the mechanism generating reduced ferredoxin. NADPH : Ed oxidoreductase is the suggested enzymatic pathway for the generation of reduced ferredoxin in cyanobacteria [24] . Since the drug was found almost completely inhibitory to this enzyme in the parental culture but not in the mutant culture, mutational production of partly drug-resistant NADPH : Fd oxidoreductase activity is suggested to be the biochemical reason for observed resistance of growth to the drug under diazotrophic or NH 4 -assimilating conditions. It is important to note here that the mutant culture Table I Growth (ng ChJ-amJ ') of cultuie, nitrogen ase activity (nmul C2H4 forraed*ftg Chl-a' '-h" '), heterocyst frequency {number of hetcrocyitts/100 vegetative cells), uptake hydrogenase activity (fimo\ H, consumed nig Chl-fl 'h '), gluiamine EtynthdaM activity (/imol product formed mg ' pioiein min '), and NADPH : Fd oxidorcducluse (nniol DCP1P reduced-mg~ ' protein-min" ') activities in parent N. muscorum and ils met ronidu/olc:-resistant mutant (Mm-K) strains All the above values are an average of three independent experiments which did not vary by more than 10%. 6-day-old cultures were used loj estimation of growth, heteiocyst frequency and other enzyme activities. Heierocyxi frequency and various enzyme activities were estimated with cultures treated or untreated with the drug for 12 h.
showed nearly 3-fold less activity of NADPH : Fd oxidoreductase as compared to that of parental culture.
The drug-free cultures of parental and mutant strains showed almost similar level of growth, nitrogenase activity and glutamine synthetase actisity under N,-fixing and NH4-assimilating conditions, ihus suggesting no obvious direct influence of mutational change on these phenotypes in this cyanobacteria. However, the most remarkable impact of drug-resistant mutational change has been on the loss of NH 4 * -repression control of heleroeyst formation and uptake hydrogenase activity (Table I) . Heteiocyst frequency went up significantly and uptake hydrogenase activity declined slightly as a result of mutational loss of NH4 -repression control. However, the normal operation of Nil.,' -repression system in regulation of nilrogenase activity in the mutant strain clearly suggests the operation of two distinctly separate ammonium-sensitive regulatory units, one specific for nitrogenase and the other specific for heterocyst and uptake hydrogenase. Operation of an almost similar level of NH 4 '-transport activity in both strains (Fig. 1) rules out a role of defective ammonium transport system as the reason for production of heterocyst and uptake hydrogenase activity in NH.J-grown cultures of mutant strain. GS activity in mutant strain was nearly as good as that in the parental strain, thereby also ruling out a role of the activity of this enzyme in derepression of heleroeyst and uptake hydrogenase activity in the mutant strain. It is therefore suggested that NH 4 '-derepression has resulted from mutation alteration in the regulatory site of the gene(s) of heterocyst formation which no longer remains sensitive to the NH 4 -generated repressor signal. The absence of nitrogenase activity in the NH 4 -growing cultures of the mutant strain also for the first time demonstrates directly that NH 4 prevents nitrogenase biosynthesis not by preventing heterocyst formation as suggested by [26, 27] , but by a pathway separate from that involved in NH., 1 -repression of heterocyst formation. Such mutants would be extremely useful in analysing molecular details of the regulation and production of heteroeyst-speeific en/ymes sensitive to NH 4 ' -repression.
It is a well accepted view that uptake hydrogenase activity like nitrogenase activity is NH.Jrepressible and is located within heterocyst [28, 29] . The derepresMon of uptake hydrogenase activity along wilh the derepression of heterocyst formation in NH 4 '-grown cultures of mutant strain which do not show nilrogenasc activity suggest the operation of a common NH4-repression regulatory unit for both systems, heterocyst formation and uptake hydrogenase aclivity (Table I) . However, it could as well be that heterocyst differentiation alone is under NHj-repression control and thai uptake hydrogenase formation and aclivity is a regulatory function of ihe heterocyst. Although diazolrophic growth of the mutant was resistant to the drug, ihe in vivo nitrogenase activity was still 50% drug-sensitive (Table 1 ). This could apparently mean that 50% reduction in acetylene reducing activity of the in vivo nitrogenase is not reflective of its N,-fixing ability related to diazolrophic growth which was as good as thai in drug-free parental culture.
The mutant and its parent were also investigated in respect of their protein content, glycogen content, glucose content and ralio of phycocyanin lo chlorophyll (Table 2 ). Mutant strain produced more glycogen and glucose and less protein and phycocyanin to chlorophyll ratio than the parental Table 2 Protein content, glycogen accumulation and phycocyiinin/chlorophyll ratio in parent and Mtn-R strain of N. must All the above values are an average of three independent experiments which did not vary by more than H)%.
strain. Since it is now known that cyanobacterial uptake hydrogenase activity is inhibited by glucose in free-living Anabaena cycadeae |14J, the slightly lower activity of uptake hydrogenase enzyme in the mutant culture, despite ils having significantly higher heterocyst frequency, may be because of its higher content of glucose and giyvogcn.
The mutation to drug resistance appears to have altered iuo major cellular functions in N. musiorwn. One. the production of drug-resistant NADPH : Fd oxidoreductase and the oilier, derepression of heterocyst formation and uptake hydrogena.se activity in NH.,' -medium. These results merely suggest a close genetic linkage between these two functions in this cyanobacterium.
INTRODUCTION
Photoautotrophic aerobic nitrogen-fixing filamentous cyanobacteria produce nitrogenase and uptake hydrogenase predominantly within heterocysts (Peterson & Wolk, 1^78; Eiibrenner et at., 1978; Lambert & Smith, 1981; Houchins, 1984) . Such cyanobacteria when grown in NH 4 + -medium show complete repression ot heterocyst formation and nitrogenase and uptake hydrogenase activities (Houchins, 1984) , thereby suggesting some kind ol physiological interaction between the two enzymes within the hererocyst. Nitrogenase while fixing N 2 is also known to carry out a metabolically wasteful reaction in the form of 11 2 production. The presence of the uptake hydrogenase system in N.^-rixing cells may aid N 2 -fixation by recycling nitrogenase-generated H 2 thereby forming ATP and reductant, by protecting nitrogenase from O, toxicity through oxyhydrogen reaction and by removal of H 3 from the site of nitrogenase activity since it is a competitive inhibitor of N,-fixation (Dixon, 1972; Bothe, Distler & Eisbrenner, 1978) . Such beneficial effects of uptake hydrogenase have been reported only for the Wiizobium-letfume association ( Eisbrenner & Evans, 1983) , There is a recent report that the nickel-mediated increase in uptake hydrogenase activity of the cyanobacterium Anabaena cylindrica
• To whom M correspondence should be addressed. Heterocysts are differentiated cells physiologically unable to photoassimilate CO., and dependent upon vegetative cells for import of photosynthetically produced carbohydrate which provides the reductant and other necessary requirements for effective fixation of nitrogen (Wolk, 1968; Winkenbach & Wolk, 1973) . Such compartmentation may imply that, under photoautotrophic N 2 -fixing conditions, heterocysts are carbon-limited. In heterotrophic bacteria like Rhizobium (Maier, Hanus & Evans, 1979) and AzQtobacter (I'atridge et al., 1980) , organic carbon substrates strongly repress uptake hydrogenase activity and growth under carbon limitation results in derepression of the enzyme. Whether a similar type ot control operates in heterocystous cyanobacteria can be analyzed in an organism capable of chemoheterotrophic nitrogen fixation in either the free-living or symbiotic state. We have used A. cycadfue, a symbiont from coialloid roots of Cycas capable of chemoheterotrophic diazotrophic growth with glucose or photodiazotrophic growth with or without glucose, to examine the effect of glucose on the uptake hydrogenase activity of heterocysts. If a carbon control operates, heterocystous cyanobacteria in a free-living or symbiotic state under heterotrophic conditions should not show uptake hydrogenase activity.
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MATERIALS AND METHODS
Organisms
Anabaena cycadeae liinke, us described by Singh <•/ al. (1983) , was grown and maintained axenically by the method of Singh & Singh (1964) . Cultures were grown iti modified N,-free Chu-10 medium (Gerloff, Fitzgerald & Skoog, 1950) at 28 °C at a photon ilux ot 50 //K m ' 9 '. Coialloid roots from (yeas drcinalis glowing under the soil surface and containing the cyanobacterium were collected and used as the source of the symbiotic system. The roots were washed repeatedly in distilled water; sections approximately 2 mm thickness from the tip regions were then cut, washed in distilled water and used (l.indblad, Hallbom & Bergaman, 1985) .
Grozvth
Cultures were grown in N,-medium in 250 ml conical Masks, each containing 100 ml medium under photoautotrophic growth conditions. Photoheterotrophie cultures were grown in N 2 -medium containing 2% glucose (w/v) and incubated in light. Chemoheterotrophic conditions for cyanobacterial growth were obtained by wrapping Hasks containing glucose-supplemented N,-medium with aluminium foil. Growth rate was determined by following increase of protein content. Heterocyst frequency, nitrogenase activity and uptake hydrogenase activity were also measured.
Measurement oj helerocysl frequency
Sections ol coralloid roots of Cycas, were examined after crushing by light microscopy. Such sections invariably contained filaments with intact heterocysts. Heterocyst frequency was calculated as number of heterocysts per 100 vegetative cells.
activity measurement
Nitrogenase activity was measured using whole filaments by estimating the acetylene reduction activity .
Uptake hydrogenase activity
Uptake hydrogenase activity was measured by the method of Tel-or, Luijk & Packer (1077) . Cyanobacterial cells were harvested, washed and resuspended in 2 ml fresh N,-medium in 150 ml capacity tubes sealed with rubber stoppers. H 2 was injected (2% v/v) with a gas-tight syringe. The tubes were incubated in an incubator under a photon (lux of about 40//Km ! s ' and temperature of 27+3 °C. 0-5 ml of the gas samples were withdrawn from the tubes and injected into a Perkin-Elmer Sigma 3H Dual FIDchromatograph provided with a molecular sieve 5A column and TCD with argon as the carrier gas. Tubes containing buffer and H,, served as a control. An increase in peak height after incubation, was considered to show }\ 2 evolution and a decrease, ({..-consumption.
Cellular protein was estimated by the method of Lowry et al. (1951) as modified by Bailey (1967) and described by Ramos, Guerrero & Losada (1984) using bovine serum albumin as a standard. Chlorophyll was estimated as described by MacKinney (1941). Table 1 compares growth, htVerocyst frequency and nitrogenase and uptake hydrogenase activities ot organisms grown photoautotrophically or in darkness with glucose as carbon source. The two types of culture appeared identical in pigmentation and there was little difference in heterocyst frequency. The rate of growth was much slower ( x J) under chemoheteruirophic conditions. The nitrogenase activity, on a chlorophyll basis, was lower (by 50%) in the dark cultures. The most striking difference, however, was that uptake hydrogenase activity was completely undetectable in the chemoheterotrophically grown cultures. Table 2 shows the effect of addition of glucose to cultures grown phototrophically. After the addition of glucose, cultures were incubated either in light or in darkness. Heterocyst frequency was little altered in either condition but nitrogenase activity (chlorophyll basis) decreased, the decrease being almost twice as great during 72 h incubation in darkness as compared to incubation in light. But again the most striking effect was on uptake hydrogenase activity. This decreased markedly in the 24 h following glucose addition and after 48 h was undetectable; this effect of glucose addition was independent of light. Table . 3 gives information about symbiotic A. cycaileae. Comparison with Table  2 shows that the heterocyst frequency and nitrogenase activity (chlorophyll basis) were much higher in the symbiotic organisms than in the free-living ones; but no uptake hydrogenase activity was detectable in the symbiotic organisms, irrespective of whether or not they were preincubated in light or darkness for 24 h.
RESULTS
DISCUSSION
A. cycadeae grows photoautotrophically with molecular nitrogen as nitrogen source ;i mutants are known which can grow with N 2 in light only when glucose is added (Singh & Singh, 1964 understand. Hut with the discovery that hcterocysts lack the ability to photoauimilate CO., to organic carbon and that nitrogen fixation in them depends on an import of carbohydrate from vegetative cells an interpretation became possible. The mutants may be blocked in the transport of carbohydrate from the vegetative cells to the heterocysts. This interpretation, in turn, suggests that the rate of transport of carbon to the heterocyst may be a limiting factor in nitrogen fixation and have other metabolic consequences. This conclusion is supported by the findings reported here. With a free-living strain of A. cycadeue that can grow with N 2 either in light (+ CO 2 ) or in darkness with glucose, the presence of glucose allowed N 2 -fixation to occur; nitrogenase was active in both cultures albeit that its activity, on a chlorophyll basis, in the dark-grown cultures was only about half of that in the light-grown ones. The rate of growth in darkness on glucose was much slower than in light, possibly because the rate of ATI' formation was slower (Smith, 1982) . But the most striking effect of the presence of glucose was on uptake hydrogenase activity. Such activity was readily detectable in cells grown in light in the absence of glucose but the activity fell by 80 to 90% in 24 h following glucose addition and the fall occurred whether cultures were illuminated or not ( Table 2 ). This finding is consistent with those from studies on Rhizobiutn (Maier et at., 1979) and Azotobacter, (Patridge et al., 1980) which show that uptake hydrogenase activity in these organisms is repressed in the presence ot glucose. Thus, it appears that the carbon limitation control of uptake hydrogenase which operates in Rhizubium and Azotobacter also operates in the hcterocysts ot cyanobacteria.
We can also conclude that, when in symbiotic association with cycad roots, A, cycadeae is not subject to carbon limitation. Table 3 shows that the symbiotic organism possesses many heterocysts and has high nitrogenase activity as Lindblad et al. (1985) have also shown with the cyanobiont in coralloid roots of Zamia.
In contrast, uptake hydrogenase activity is completely absent from the symbiotic A, cycadeae. Although other interpretations are possible, the simplest one is that the absence of uptake hydrogenase activity is the consequence of an ample supply of carbohydrate from the surrounding cycad root tissue.
We conclude that the rate of supply of available carbon to the heterocysts exerts an important control on the development of uptake hydrogenase activity.
Introduction
N2-fixing hetcrocystous cyanobacteria develop into association with algae, fungi, bryophytes, the water fern Azolla, gymnosperms and the angiosperm Cunncra (Stewart rt al., 1983) . In symbiosis the cyanobactcrium becomes modified. Such modifications include cell size, ultrastructure, hcterocyst frequency and enzymes of nitrogen metabolism .
Cycads are the only gymnosperms involved in symbiosis with cyanobacteria. Most cycads examined have root nodules where a hctcrocystous cyanobacterium occurs as an endosymbiont in mucilage filled spaces of the cortex (Allen and Allen, 1965 Bond, 1967; Grobbclaar et al., 1971; Rcnaut et al., 1975; Halliday and Pate, 1970; Lindblad et al., 1985) . Nitrogen, fixed by the cyanobiont, has been shown to be rapidly transferred to the remainder of the plant (Bergersen et al., 1965; Renaut et al., 1975; Halliday and Pate, 1976) .
Presently, there is no information regarding the levels of nitrogen metabolizing enzymes, except nitrogenase, in the cycad cyanobionls, although, in a number of other cyanobacterial associations it has been demonstrated that some of these enzymes are modified in the cyanobiont. Similarly, no work has been done on tive hydrogen metabolism in this symbiosis. In this paper we have studied photosynthetic characteristics and activities of nitrogen and hydrogen metabolism enzymes in the cyanobiont of Cyras circinalis; for comparison, data have also been obtained on the free-living isolate, Anahae.na cycadeae.
Materials and Methods
Organism.?
The cyanobacterium from Cycas circinalis coralloid roots (root nodules) was isolated, purified and raised in pure culture as described earlier (Singh and Singh, 1964; Singh et al., 1983) . This free-living strain is referred to as Anabaena cycadeae. Symbiotic cyanobacterium (referred to as cyanobiont) was freshly isolated from root nodules of C. circinalis grown in a nursery.
Isolation of the cyanobiont
Root nodules were washed in distilled water, cut into small pieces and then gently crushed, using a mortar and pestle, in Chu-10 medium (Gerloff et al., 1950) containing 1% PVP, to release the cyanobiont. Bulk of the host tissue was removed by passing the suspension through 2, 4, and 8 layers THE Cycas-Anabaena SYMBIOSIS 241 of muslin cloth. The filtrate was then repeatedly centrifuged at 500xg to remove remaining hos' u tissue debris.
Ifeterocyst frequency
Heterocyst frequency was calculated as percentage of total cells, by light microscope observations of the filaments of A. cycadeae and the cyanobiont.
N 2 ase activity
N2ase activity of intact coralloid roots, freshly isolated cyanobiont, and cultured A. cycadeae was measured using acetylene reduction assay. One ml cyanobacterial culture, or 1 g coralloid roots were placed in 7 ml serum vials. Coralloid roots were kept moist by placing a dist illed water soaked filter paper in the vial. Acetylene was injected to a final concentration of 10% (v/v) of the air phase in the vial and the production of ethylcne estimated, after incubating the vial for 30 min at 25°C and desired light intensity (sec text), as described before except that the column packing material was Porapak T.
Chi estimations
Cells were filtered on a Whatman GF/C filter paper and chlorophyll extracted in mcthanol at 4°C for 12 h in darkness. Ch! content was calculated from absorption readings at 663 nm according to Mackinney (1041) .
Protein estimations
The method of Lowry et al., (1951) was followed using bovine scrum albumin as standard.
Oxygen exchange
02-evolution, by the cultured isolate and by the cyanobiont in intact root nodules, was measured polarographic^lly at 25"C and desired light intensity (see text) using a Clark-type oxygen electrode as before (Rao et al., 1984) .
Enzyme assays
NR was assayed in whole cells according to . Other enzymes were assayed in cell-free preparations. Cells were washed in 50 mM Tris-IICI buffer, pH 7.5, centrifuged and then ruptured by passage through a French Pressure Cell at 110 MPa. The extracts were then centrifuged at 30,000xg for 20 min and the supernatant liquids dialyzed overnight at 4°C B. I'ERRAJU ET AL. against the same buffer. Enzyme activities in such extracts were then assayed by coupling the reactions to NADU oxidation (NADPII in the case of GDII) followed at 340 nm, except in the case of GS transferasc assays which were done by colourimetric measurements of 7-glutainyIhydroxamatc formation. GS (biosynthetic and transferase) activities were measured according to , AsDH according to Haystead et al., (1973) , and GPT according to Jager and Weigcl (1978) . GDII (NADPH-dependent), ADH and GOT were measured according to Stewart and Rowell, (1977) .
Hydrogen exchange measurements
This was done according to Tel-Or et al., (1977) . Samples were placed in 15 ml capacity sample tubes sealed with rubber stoppers. H2 gas was injected into these tubes to a final concentration of 2% ( v / v ) followed by incubation in a BOD incubator, at 3 klux light intensity and 27±1°C temperature. At 30 min time intervals, 0.5 ml gas samples were withdrawn and analysed on a Perkin-Elmer Sigma 3D Gas Chromatograph fitted with a MS 5A column and a thermal conductivity detector. Argon served as a carrier gas and tubes containing N2-medium and Hj served as control. The rates of decrease and/or increase in the H2 gas phase, relative to the control, were calculated and are expressed as Hj uptake and/or II2 evolution rates, respectively.
Analysis of photosynthettc pigments
The absorption spectrum of mcthanol-soluble and water-soluble photosynthetic pigments was obtained using a Gilford spectrophotometer scanning from 400 nm to 700 nm. Methanol-soluble pigments were extracted an above and water-soluble pigments were extracted by freezing-thawing the cyanobacterial cells suspended 0.05 M potassium phosphate buffer (pll 0.7). The in situ pigment composition of A. cycadeae. and the cynnobiont, in thin slices (0.1 mm thick) of root nodules, was analysed using a photoacoustic spectrometer (E.G. and G. Princeton Applied Research Corporation, USA; model 6001), scanning from 500 nm to 700 nm wavelengths, at room temperature, with 40 Hz modulation frequency as detailed by Balasuhramanian and Rao, (1982) .
Results and Discussion
Photosynthctic characteristics
We measured the absorption spectra of mcthanol-soluble and water-soluble pigments of the cyanobiont and the cultured isolate and found the phycocrytrin peak to be absent in the ryanobiont (data not shown). To ensure THE Cycas-Anabatna SYMBIOSIS 243 that the absence of the phycoerythrin peak was not due to the limitation of the extraction procedure we also measured in situ composition of the photosynthetic pigments using photoacoustic spectroscopy. Again, phycoerythrin was found to be absent in the cyanobiont, otherwise, A. cycadcac and the cyanobiont were similar in respect of Chi a and phycocyanin spectral characteristics (Fig. 1) . The significance of the absence of phycoerythrin, in the cyanobiont, is not clear at present, however, it may indicate the nitrogenlimiting status of the cyanobiont. Similar results have been found in the case of Peltigera aphthosa cyanobiont (Rai, 1980; Stewart et al., 1981) .
The free-living A. cycadeac showed a progressive increase in the O2-evolution rate with increase in light intensity from 0.5 klux to 15 klux (Fig. 2) . No further increase was observed beyond 15 klux light intensity (data not shown). In contrast, the intact root nodules, containing cyanobiont, did not show any O^-evolution upto 2 klux light intensity but showed a relatively low level of 02-evolution thereafter, (^-evolution in response to increasing light intensity was also far less pronounced as compared to that in the freeliving A. cycadcae. DCMU was found to inhibit O2-evolution in both cases, suggesting the occurrence and operation of PS II in the cyanobiont when provided with light. That is, the cyanobiont retains the photosynthetic capacity although it occurs in root nodules under the soil where the availability of light would be negligible. The fact that the rate of Oj-evolution in intact root nodules was low and showed a slow response to increase in light intensity may have two explanations. First, previous studies on cyanobacteria indicate that under low light conditions of growth there are more PS I reaction centres than PS II, and that in high light both PS I and PS II reaction centres are similar in number (Kawamuraet al., 1979; Vierling and Alberte, 1980) . Since the cyanobiont functions under heterotrophic growth conditions in root nodules, with negligible light availability, the number of PS II reaction centres may be limiting. Second, there may be a limitation of light energy reaching the cyanobiont within the root nodules because of the intervening cycad root tissues. However, when the cyanobiont was separated from the root nodules and 02-evolution measured under saturating light conditions (15 klux) in such freshly isolated cyanobiont cells, a rate of 45//mol oxygen evolved mg" 1 Chi a h" 1 was found. This was less than half of the O2 evolution rate in the free-living A. cycadcac under similar conditions (lll/jrnol O2 evolved mg" 1 chl a h~l). This clearly indicated that even with full light availability the rate of photosynthetic evolution in the cyanobiont was much lower. Thus the low number of O2-evolving PS II reaction centers may be the main reason for low rates of photosynthetic O2 evolution in the cyanobiont, as discussed above.
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B. PERRAJII ET AL. Hydrogen metabolism H2 evolution was undetectable in the free-living N 2 -fixing cultures of A. cycadr.ae but an H2 evolution rate of 4^mol mg" 1 Chi oh" 1 was found in intact root nodules. In contrast, H2 uptake was undetectable in the intact root nodules while free-living A. cycadeae showed an H2 uptake rate of 28/imol rag" 1 Chi oh"
1 . These findings clearly indicate that the development of symbiotic association between A. cycadeae and C. cireinalU results in the loss of the cyanobacterial uptake H2ase activity.
The reasons for the absence of uptake r^ase activity in the cyanobiont are not yet clear. However, catabolizable organic carbon substrates are known repressors of uptake I^ase activity in Azotobacter and Rhizobium (Partridge et al., 1980; Maier et al., 1979) . Keeping in view the hctcrotrophic mode of cyanobiont's nutrition in the root nodules, it is tempting to suggest that the loss of uptake I^ase activity in symbiosis may have been caused by the inhibitory effect of catabolizable organic carbon moving from the cycad to the cyanobiont as in the case of Azotobacter and Rhizobium mentioned above.
Nitrogen metabolism
The Naase activity of the cyanobiont, freshly removed from the cycad root nodules, was much higher than that of the free-living A. cycadeae. The cyanobiont showed a N2ase activity of 40 nmol C2II2 reduced ^g"
1 Chi a h" 1 as compared to 4 nmol C2H2 reduced /Jg 1 Chi a h" 1 in the case of free-living .4. cycadeae. This compared poorly with the optimum N2ase activity of the cyanobiont in intact root nodules (see Fig. 3 ), prompting us to use intact root nodules in further experiments. High levels of N2ase activity observed with the cyanobiont can be explained by the fact that the cyanobiont showed an average heterocyst frequency of 25%, as against a value of 5% detectable in the free-living A. cycadeae. Most free-living cyanobacteria show a heterocyst frequency of the 5-6% (Stewart, 1980) . Our values for the heterocyst frequency of the cyanobiont are comparable to those reported by Grilli-Caiola (1980) . However, it should be emphasized that our values are for a mixed population of the cyanobiont, isolated from whole root nodules. These values are likely to vary along the root as reported for Zamia (Lindblad et al., 1985) . A similar argument applies to our N2ase values.
Further studies with intact root nodules, in order to avoid disturbing the cyanobiont, showed that upto 24 h the N2-fixation activity of the cyanobiont was rather similar both in dark and in upto 2.5 klux light intensity (40 nmol C2H2 reduced /ig" 1 Chi a h" 1 ). In contrast Njase activity of the free- living A. cycadcr.e declined sharply and became undetectablc within 3 h of darkness (data not shown). It is evident that N2ase activity in the cyanobiont was sustained through chemoheterotrophic metabolism, a mode of nutrition prevailing under natural conditions where the cyanobacterium occurs in root nodules below the soil surface in darkness.
When root nodules were subjected to light intensity above 2.5 klux, Njase activity increased rapidly reaching a maximum at 5 klux and remaining constant thereafter (Fig. 3) . The lack of a significant effect of light intensity below 2.5 klux on the N2ase activity of the cyanobiont may be due to the cyanobiont's inability to receive enough light because of the intervening cycad root tissues. Free-living A. eyeadeae, in contrast, showed a light intensity optimum of 2.5 klux for maximum N2ase activity.
The fact that Oj-evolution and Njase activity do not seem to show an identical response to increase in light intensity (see Fig. 2 and 3) , may suggest that N2ase is more directly dependent on the non-O2-cvolving PS I, rather " Represents activity in cells grown on medium supplemented with 20 mM KNOj. ND: not detectable.
than the O2-evolving PS II. PS I has been shown to be able to supply with ATP and reductant from a pool of organic carbon intermediates (Tel-Or and Stewart, 1976) .
Other nitrogen-metabolising enzymes, involved in primary ammonia assimilation and transamination reactions, also showed difference:; between the free-living A. cycadeae and the cyanobiont in the root nodules (Table 1) . NR was found to be absent in the cyanobiont as well as in the free-living A. cycadeae. However, NR activity was detectable when the free-living A. cycadeac was grown on nitrate-supplemented medium, supporting the earlier contention that NR of A. cycadeae is nitrate-inducible (Dagchi et al., 1985) . NADPH-dcpcndent GDH activity was present in the free-living A. cycadeac but undctectable in the cyanobiont. There was a reduction in the activities of AsDH, ADH, GPT and GS (both biosynthetic and transferase), and an increase in the activity of GOT, in the cyanobiont as compared to those in the free-living A. cycadeae. It is interesting to note here that while in lichens and Azolla the GS levels are reduced by over 90% and 70%, respectively, here in the case of the C. circinalis cyanobiont the reduction level of GS seems much smaller (Table 1) . This points to a possibility that the cycad cyanobiont, unlike those in lichens and Azolla Peters et al., 1980) , transfers fixed-N2 to its eukaryotic partner not entirely as ammonia but does so, at least partially, in the form of organic-N. This should merit further research studies.
INTRODUCTION
Heterocysts of cyanobacteria are the sites of aerobic nitrogen-fixation and show various strucLutui, physiological, biochemical and genetic modifications essential for their function (1, 2] . In heterocystous cyanobacteria nitrogenasc is localized in heterocysts and COz-fixation in vegetative cells 11, 2] . Various enzymes involved in the reductive pentose phosphate cycle have been found to be absent in heterocysts [3] . The primary assimilation of ammonia, gem-rated during Nj-fixation, occurs in heterocysls and fixed nitrogen is transferred lo vegetative evil.-. :II the form of glutarnine (4]. The COi-fixation occurs in vegetative cells and fixed carbon is transferred to heterocysts where it is utilized for generating reductant and energy for nitrogen-fixation [1] . Thus, there is a close interrelation between heterocysls and vegetative cells with regard to their carbon and nitrogen metabolism.
* To whom correspondence should be addressed
The specific activities of many of the nitrogen metabolizing enzymes of heterocysts and vegetative cells have been measured for comparison [2] . The glutamine synthetase (4, 5] , alauine dehydrogenase [5, 6] , glutamate dehydrogenase [5] , glutamate oxaloacetate iransaminase [5, 6] and glutamate pyruvate transaminase |5] activities have been found to be present both in the heterocysts and in the vegetative cells. However, the nilrogenase was found lo be localized in the heterocysts [7] [8] [9] [10] [11] [12] and glutamate synthase in vegetative cells only [4, 13] ; see however [14, 15] . Activities of enzymes responsible for both the synthesis and breakdown of cyanophycin, arginine-poly(aspartic acid) synthetase and cyanophycinase, respectively, have been reported to be much higher in the heterocysts than in the vegetative cells [16] .
At present no information is available with regard to the enzymes of nitrate metabolism in the heterocysts of cyanobacteria. We have studied the nitrate reductase activity in isolated heterocysts of Nostoc muscorum and show here that the nitrate reductase activity is absent in heterocysis due to the lack of nitrate reductase apoprotein.
RESULTS AND DISCUSSION
NostOC muscorum was grown axenically in nitrogen-free and NO3 -supplement ed Chu-10 medium [17] as in [18] . Escherichia coli strain W was grown aerobieally in Luria broth [19] supplemented with 1 mmol-dm" 3 sodium molybdate. Heierocysts were isolated from the exponentially growing filaments of N. muscorum as in [20J. Such heterocyst preparations had a glutamine synthetase biosynthetic activity of 174 nmol product formed • min ' mg protein" 1 and a glutamine synthetase transferase activity of 3840 nmol product formed • min ' • mg protein ' (both assayed as in |2I]). Vegetative cells were less than 5% of the total.
The protein estimations were made as in [22] . In vitro nitrate reductase activity was measured as in ]23].
Mo-cofactor preparation from £'. coli was essentially the same as in [24] . To prepare Mo-cofactor from heterocysts, heterocysts were isolated from cultures grown in Mo-containing medium, washed and resuspended in THs buffer (50 mmol-dm" 3 , pll 7.5) containing 100 mmol-dm" 3 NaCl, 300 mmol dm ' sucrose, 1 mmol-dm 3 EDTA and 5 mmol • dm' 3 MgCI;. The cell-free extract was then prepared by passage through a French Pressure Cell at 110 MPa followed by centrifugation at 30 000 x f> for 20 min at 4"C. The supernatant was used as a source of Mo-cofactor for complementation analysis.
For preparation of Mo-cofactor-free nitrate reductase (nitrate reductase apoprotein), 200 nun cell-free extract, prepared as above, incubated with 200 mm 1 molybdate-GSH solution (10 mmoldm" 3 GSH and 5 mmol-dm" 3 sodium molybdate in 100 mmol dm" 1 sodium acetate buffer, pH 4.5). This brought the pH of the reaction mixture to 4.8. After 30 s incubation at 30°C (acid incubation) the pH was adjusted to 7.2 by adding 200 mmol-dm' 1 K)HPO 4 and incubated for 15 min at 30°C (neutral incubation).
Reconstituted nitrate reductase activity was measured by mixing equal volumes of the nitrate reductase apoprotein (colactor-free nitrate reduclase) and the Mo-cofactor. This mixture was incubated for 10 min at 30°C to achieve complementation and then nitrate reductase activity was assayed as mentioned above.
The aim of this study was to establish whether or not the heterocysts contain nitrate reductase activity. For this we isolated heterocysts from N. muscorum filaments and measured the nitrate reductase activity in the cell-free extracts. For comparison, data were also obtained on nitrate reductase activity in the cell-free extracts of N. muscorum filaments grown in nitrogen-free (filaments containing both heterocysts and vegetative cells) and in nitrate media (filaments containing vegetative cells only).
The nitrate reductase activity was undetectable in the extracts of heterocysts while a nitrate reductase activity of 3.25 and 7.14 nmol NOf formed • min"' mg protein ' was observed in the extracts of filaments grown in nitrogen-free and nitrate media, respectively (table 1). The higher level of nitrate reductase activity in nitrate-grown filaments of N. muscorum was consistent with earlier reports [25, 26] . However, the absence of nitrate reductase in heterocysts, but its presence in whole filaments containing vegetative cells and heterocysts, was noteworthy. It suggested that nitrate reductase activity was localized in the vegetative cells only.
We further investigated whether the lack of nitrate reductase activity in heterocysts was due to the absence of nitrate reductase Mo-cofactor, nitrate reductase apoprotein or both. First, nitrate reductase apoprotein (Mo-cofactor-free nitrate reductase), prepared from isolated heterocysls, was supplemented with increasing amounts of Mocofactor prepared from £'. coli, but nitrate reductase activity could not be restored. This indicated the absence of nitrate reductase apoprotein in the heterocysts. It could be argued that the Mocofaclor from E. coli may not be compatible with the nitrate reductase apoprotein from N. muscorum. However, this is not so. The nitrate reductase Mo-cofaclor from £. coli reconstituted nitrate reductase activity when added to the apoprotein preparations from N. muscorum filaments, grown in nitrogen-free or nitrate medium, suggesting that the Mo-cofaclor of E. coli was compatible with the apoprotein of nitrate reductase from N. muscorum.
Secondly, the nitrate reductase apoprotein preparations from whole filaments of N. muscorum, grown in nitrogen-free medium, were sup- Table 1 Nitrate reduetase activity in cell-free extracts of isolaied lieterocysts anti whole filaments of Nusioc muscorum grown in nitrogen-free and nitrate medium It should be mentioned that these apoprotein preparations did not show any nitrate reducla.se activity unless supplemented with Mo-cofactor preparations (from E. coll, isolated heterocysts or whole tilaments). Furthermore, addition of Mo or ferredoxin, alone or together, did not restore nitrate reduetase activity in the apoprotein preparations. This ruled out the possibility that reconstituted nitrate reduetase activity in apoprotein preparations supplemented with Mo-cofactor from heterocysts may have been due to Mo or ferredoxin rather than to the Mo-cofactor.
It is clear from the above observations that the nitrate reduetase Mo-cofactor is present in heterocysts and that the absence of nitrate reduetase in heterocysts is due to the absence of nitrate reduetase apoprotein. The presence, in heterocysts, of Mo-cofactor which can complement the apoprotein from vegetative cells and show reconstituted nitrate reduetase activity is consistent with the view expressed earlier [25, 27] that the Mo-cofactor of nitrate reduetase in N. muscorum may be a precursor for the Fe-Mo-cofactor of nitrogenase.
